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I N T R O D U C T I O N
Non-living particulate organic material occurs in much greater abundance than living plant material in the euphotic zone of the ocean (Parsons and Strickland, 1962) . Such non-living particles have been considered as a potential food source for zooplankton (Parsons and Strickland, 1962; Riley, 1963) . Preliminary experiments testing such material as food for copepods led to the following results (Paffenhöfer and Strickland, 1970) : first, concentrated marine snow (natural detritus) was not ingested by adult females of the copepod Calanus available online at www.plankt.oxfordjournals.org helgolandicus; second, senescent/dying cultures of the diatoms Skeletonema costatum and Ditylum brightwellii were ingested by these copepods as many fecal pellets were produced; third, crushed fecal pellet material was also ingested as noted by the production of fecal pellets.
Much attention has been paid to zooplankton fecal pellets which range in size from about 10 4 to 10 10 µm 3 volume (Bruland and Silver, 1981; Deibel, 1990) . Most interest so far has focused on copepod fecal pellets as planktonic copepods occur abundantly in freshwater and the ocean, and produce pellets throught their developmental stages (Paffenhöfer and Knowles, 1979; Turner, 2015) . We know that such pellets are ingested by calanoid copepods, but also can be readily rejected (Paffenhöfer and Van Sant, 1985) . However, there is only limited information on the value of these pellets as food: C. helgolandicus/ Calanus pacificus at 15°C required 20-22 days growing from copepodid Stage III to adulthood feeding only on fecal pellets at about 400 µg C L −1 while requiring only 8-9 days when feeding on the diatom Lauderia borealis at near 100 µg C L −1 (Paffenhöfer and Knowles, 1979) . The molar C:N ratio of those pellets was near 15 and of the diatom 5.1. Mortality of the copepodids was much higher when feeding on pellets than when feeding on L. borealis. As the absorption/assimilation efficiency of copepods feeding on phytoplankton ranges from near 40% to about 93% (Conover, 1966; Paffenhöfer and Köster, 2005) a high percentage of essential compounds is most likely missing from those pellets, such as polyunsaturated fatty acids, which are considered to be of major significance for growth and survival of zooplankton (Brett and Müller-Navarra, 1997) .
A model study to predict zooplankton fecal pellet C:N ratios considered the main biochemical compounds of the phytoplankton food (Anderson, 1994) , i.e. proteins, lipids and carbohydrates which could be assimilated quite differently depending on the food species. One special feature of that model was a realistic simulation of multiple ingestions, i.e. re-ingestion of fecal pellets. When such pellets were re-ingested the carbon assimilation efficiency would decrease because lipids and insoluble carbohydrates would not be assimilated and thus would increase in proportion. Furthermore, a decrease in the protein fraction with increasing ingestions would lead to an increase in the C:N ratio of pellets.
Our recent studies on Dolioletta gegenbauri (Tunicata, Thaliacea) revealed that, upon ingestion, diatoms and various flagellates are not damaged (Köster et al., 2011) . In comparison to copepods the doliolids are unable to crush cells upon their ingestion. For the copepods cell destruction implies that the digestive enzymes have ready access to the cells' compounds, leading to fairly high absorption/ assimilation efficiencies. This is not the case for doliolids. We had observed that cells of the large diatom Rhizosolenia alata appeared partly to nearly empty within doliolid fecal pellets while those containing the small diatom Thalassiosira weissflogii contained significant amounts of organic material (Paffenhöfer and Köster, 2005) . The slightly larger and thick-walled Thalassiosira rotula (Equivalent Spherical Diameter, ESD 20 µm) also contained almost intact cell compounds. We assume that size, thickness and robustness (fine-structure) of the diatom frustules regulate the access of digestive enzymes and thus determine the degree of cells' digestion/utilization. So, the large R. alata cells were more readily digested than the small T. weissflogii and slightly larger T. rotula cells. As most phytoplankton cells in doliolid fecal pellets are undamaged containing significant amounts of organic material such pellets should be of fairly high nutritive value. Thus, our goal was to offer such pellets to doliolid gonozooids to determine to what extent such organic material may be utilized.
M E T H O D Feeding experiments on fecal pellets
Gonozooids of D. gegenbauri were reared in the laboratory at 20°C. For fecal pellet production experiments, they were pre-conditioned on a mixed (balanced) food that contained mainly T. weissflogii and small amounts of Isochrysis galbana, and which was offered daily. About 2 days before the experimental start gonozooids of adequate size were selected and adapted close to experimental food concentrations (75 µg C L
−1
). To produce fecal pellets of D. gegenbauri that were used as food particles in feeding experiments three to six gonozooids of D. gegenbauri with lengths of 5.0-8.0 mm were placed in 1.9 L screw-cap glass jars containing GF/C filtered seawater and food at average environmental concentrations of 94-128 µg C L −1 (Table I) . The food consisted mainly of the centric diatom T. weissflogii (ESD 12.0 µm) and small amounts of the phytoflagellate I. galbana (ESD 4.5 µm). For each pellet production experiment two experimental jars were placed on a rotating wheel (0.3 r.p.m.) and incubated at 20°C for 5.0-6.1 h. Those short periods were chosen to get a sufficient number of pellets of similar age. All pellets produced were separately transferred with a wide-open glass pipette into a 200 mL glass container. The total number of first-generation pellets was quantified, and about 200-400 of these pellets were offered as food to two or three gonozooids placed into a 960 mL glass jar containing GF/C filtered seawater and a very small amount of microalgae at a concentration of <5 µg C L −1 . After feeding on these pellets for 16-18 h at 20°C, all gonozooids were removed and all pellets produced by these gonozooids (i.e. pellets of second generation) were  collected and counted. Nine time-series experiments with gonozooids feeding on microalgae were performed to obtain first-generation fecal pellets, and six experiments with gonozooids feeding on those pellets to obtain pellets of the second generation (Tables I and II) . Periods of 16-18 h were chosen to ensure that the vast majority of firstgeneration pellets ingested. Experiments were run from February to March 2016. A Multisizer 4 (Beckman Coulter) with 140 µm diameter aperture was used to quantify cells of different algal species both at the beginning and end of each experiment. These counts were intermittently checked by inverted microscope counts. Ingestion rates were determined after Frost (1972) . The length of each gonozooid was quantified using a scaled glass pipette and converted to biomass carbon as follows: Doliolid weight (µg C) = 0.4643 × doliolid length (mm) 2.3119 (Gibson and Paffenhöfer, 2000) .
Carbon and nitrogen analysis
Fecal pellets of D. gegenbauri were checked for their integrity under a stereo microscope (Leica MZ 125, Wetzlar, Germany). Intact pellets were transferred with a glass pipette into a tin container (6 mm × 6 mm × 12 mm). Between 30 and 150 pellets were concentrated in each container by gently sucking off the seawater through microholes (<200 µm) in the bottom of the container. In early experiments (E1A and E2A) pellets were sorted according to their color and compactness. The pellet samples were dried at 60°C for 24 h, and stored in a desiccator until analysis. Simultaneous analysis of carbon and nitrogen was performed using the elemental analyser Vario El cube (Elementar, Hanau, Germany). Samples were combusted at 970°C in pure oxygen. Combustion gases were transported by the carrier gas helium, separated by purge and trap chromatography and detected by a thermal conductivity detector. The elemental detection limit of the thermal conductivity detector was below 100 ppm depending on sample time, analysis mode and options. To overcome the detection limit at least 30 doliolid fecal pellets per sample were analyzed. A multi-point calibration for elemental analysis was performed using acetanilide. Carbon and nitrogen amounts as well as carbon to nitrogen ratios were determined for pellets from each feeding experiment. In total 770 intact pellets of first generation and 1661 intact pellets of second generation were analyzed.
Carbon biomass of T. weissflogii was 80 µg C mm
, and of I. galbana was 200 µg C mm −3 of cell volume (Paffenhöfer, 1984) . Egested and absorbed carbon (absorption/ assimilation efficiency)
We calculated the amount of carbon egested from the number of pellets released and the average amount of carbon of 770 pellets of first generation and 1661 pellets of second generation, respectively. Absorbed/assimilated carbon per gonozooid and total incubation period was calculated from the difference between total carbon ingested and total carbon egested, and related to the doliolids' average body weight. We use the expression "absorption" in comparison to "assimilation" following Bochdansky et al. (1999) . Absorption sensu Bochdansky et al. means how much of the ingested carbon is passing the gut wall while assimilation, by definition, would imply absorption minus respiration.
Microscopy
Individual pellets, characteristic of first as well as secondgeneration pellets, were selected and analyzed under a light microscope (AxioScope, Zeiss, Oberkochen, Germany) equipped with a digital camera (Axio Cam 5, Zeiss, Oberkochen, Germany). Overview micrographs (at 100 or 200-fold magnification) of fecal pellets were used to determine their size, color, compactness and degradation status. Regions of interest were the inner and outer region of the fecal pellets that were determined at 1000-fold magnification to evaluate the digestion status of ingested diatoms and phytoflagellates.
R E S U L T S
We first present results of gonozooids of D. gegenbauri feeding on phytoplankton and producing pellets, being followed by those gonozooids feeding on their own fecal pellets. No gonozooids died during our studies. All gonozooids had gut contents and escaped (moved) well at the end of each experiment.
Ingestion and absorption of phytoplankton
We offered diatoms and flagellates to doliolid gonozooids. As diatoms often dominate upwelled water masses during summer on the U.S. southeastern (SE) shelf we chose T. weissflogii, accompanied by smaller amounts of flagellates represented here by I. galbana. Such average high concentrations resembled phytoplankton abundances in advanced summer intrusions of cold nutrient-rich water on the SE shelf (Yoder et al., 1983) .
Average food concentrations were 90.7 µg C L −1 for T. weissflogii and 20.0 µg C L −1 for I. galbana resulting in an average total food abundance of 110.7 µg C L −1 (Table I ). The average amounts ingested closely resembled the respective percentages of the food species' abundances, i.e. about 83.9% for T. weissflogii and about 18.4% for I. galbana. The number of pellets released varied within and among the experiments, excepting experiments E5A and E7A. The number of pellets produced was significantly related to the amount of phytoplankton carbon ingested when including all 16 experiments from E2A to E9A (Table I , r = 0.497, P < 0.05). Elemental analysis of 770 intact doliolid pellets revealed an individual pellet of first generation containing on average 378 ng carbon and 63 ng nitrogen (Table III , n = 8). Fecal pellets produced in different feeding experiments (first-generation pellets) had molar carbon to nitrogen ratios ranging from 4.7 to 9.3 (average 7.4, Table III ).
The percentage of carbon absorbed/assimilated in relation to the amount of carbon ingested was 38.7% (Table I ). This rather low percentage can be explained when evaluating the pellet micrographs (Fig. 1) . Our microscopic observations revealed that these first-generation doliolid pellets (originating from feeding on phytoplankton) were similar in size, shape, color and compactness. A characteristic fecal pellet of the first generation had a size of 400 to 500 µm × 500 to 600 µm and was light-brown colored (Fig. 1A) . Digested cells were loosely packed, more densely packed in the center than in the outer region of the pellet (Fig. 1B  and C) . Pellets contained non-degraded and/or hardly degraded cells of T. weissflogii and I. galbana. Their chloroplasts and nuclei were clearly visible (Fig. 1B-D) .
Ingestion and absorption of fecal pellets
First-generation pellets were offered soon after their production to gonozooids. These feeding experiments lasted about 18 h, having added small amounts of T. weissflogii and I. galbana to simulate the doliolids' natural environment. The average number of first-generation pellets offered was 304 added to 960 mL −1 , one pellet having an average carbon amount of 378 ng (Table III) . The average food concentration of first-generation pellets in these feeding experiments was 137 µg C L −1
. The carbon and nitrogen amount of the resulting secondgeneration pellets were 559 and 86 ng, respectively (Table III) . A Mann-Whitney test comparing the carbon amounts of these two types of pellets revealed that they were significantly different (P < 0.001, Zar, 1974) . The average total amount of carbon ingested during 18 h of feeding was 124.6 µg C for each jar (three gonozooids, Table II ). The average amount egested was 96.3 µg C (Table II) . These values would result in the average absorption of C as 22.7% of the ingested pellet carbon. Fecal pellets produced in these two types of feeding experiments offering phytoplankton and fecal pellets had average molar carbon ratios of 7.4 and 7.8, respectively. A Mann-Whitney test revealed no significant differences between these two ratios. Doliolid fecal pellets of the second generation revealed a high structural diversity (Fig. 2) . Lightbrown loosely packed pellets co-occurred with densely packed dark-brown pellets (Fig. 2B) . Occasionally two to three dark pellets were packaged into one larger pellet. The outer region of such pellets revealed T. weissflogii cells with reduced numbers and sizes of chloroplasts; some frustules were even empty ( Fig. 2C and D) . Whereas some T. weissflogii cells were degraded to different degrees after digestion, cells of I. galbana were not. Intact chloroplasts indicated that I. galbana cells appeared to have passed the doliolids' gut without any visible change to their structure ( Fig. 2C and D) .
Different degrees of digestion of food particles were observed when gonozooids were feeding on a mixed diet consisting of fecal pellets, large and small diatoms, and flagellates (Fig. 3) . The large elongated cells of R. alata with a length of 200-300 µm were always completely utilized, whereas the chloroplasts of the large centric diatom of T. rotula with a diameter of 25-30 µm were hardly digested (Fig. 3C) . The small centric diatom of T. weissflogii revealed different degrees of degradation, and the phytoflagellate I. galbana was always intact. The different degree of digestion was reflected in the autofluorescence of the food particles (Fig. 3D ).
D I S C U S S I O N
As we had repeatedly observed in earlier experiments that D. gegenbauri gonozooids ingested their own fecal pellets in the presence and absence of phytoplankton, we decided to determine the rate at which pellets originating from phytoplankton ingestion could be utilized. Doliolid pellets differ from copepod pellets in that doliolid pellets contain many phytoplankton cells which (i) are not broken/destroyed like most cells ingested by  copepods (Paffenhöfer and Köster, 2005) , and (ii) are only partly or hardly digested. The degree of digestion differs depending on the phytoplankton species. Certain diatom species (e.g. Thalassiosira rotula, unpubl. obs.) are hardly digested. These cells show digestion effects only after 4-5 gut passages.
To date we know of only three studies (copepods) offering fecal pellets as food (Paffenhöfer and Strickland, 1970; Paffenhöfer and Knowles, 1979; Paffenhöfer and Van Sant, 1985) . Our present study aimed to show the extent to which a primary food source (phytoplankton) was utilized in comparison to a secondary one (pellets). We calculated the absorbed carbon as the difference between ingested and egested (pellet) carbon (Tables I  and II) . We recognize that part of the digested carbon could have been lost since some of it might be released as dissolved organic carbon from the ingested cells and the pellets into the surrounding water.
Absorption efficiencies
Earlier studies revealed (Paffenhöfer and Köster, 2005) that D. gegenbauri absorbed the large diatom R. alata to 73%, and the small diatom T. weissflogii only to 51%. In our present study large gonozooids of D. gegenbauri absorbed T. weissflogii and I. galbana at 38.7%. We cannot differentiate to which extent each of these two food species was absorbed. However, Figs 1 and 2 suggest that mainly T. weissflogii underwent digestion processes. Earlier studies on the appendicularian Oikopleura dioica revealed that I. galbana was hardly digested at 17% AE (Gorsky, 1980) . When assuming from our photos that I. galbana was not digested, then we subtract from the total carbon egested the ingested I. galbana carbon, and relate the resulting value to the T. weissflogii carbon ingested; then the resulting AE would be 52.8%, which is close to our earlier values (Paffenhöfer and Köster, 2005) . Our study simulated the natural environment to a limited extent. We know from field observations that the majority of cells in the range of 2-8 µm ESD are mixoand heterotrophic eukaryotic species some of which could be fully digested by D. gegenbauri like the flagellate Rhodomonas sp. (unpubl. results), supporting doliolid growth and reproduction well. One may assume that in nature fecal pellets of D. gegenbauri would represent a supporting role in the pelagic food web and especially in the carbon cycle.
C:N ratios and AEs
A comparison of C:N ratios of food and pellets and AEs could provide a measure of the extent to which a consumer has utilized the food species (Table IV) . The ingestion of natural seston resulted in high C:N ratios indicating major absorption of nitrogen of the food particles (Honjo and Roman, 1978; Gerber and Gerber, 1979; Madin 1982) . The copepod Undinula vulgaris had a high AE (Table IV) being close to the maxima found for copepods (Conover, 1966) . The larvacean Oikopleura vanhoeffeni feeding on a diatom had an AE which is characteristic of copepods (Bochdansky et al., 1999) . Yet the salp Salpa fusiformis had different AEs depending on the food source; 32% for the diatom Phaeodactylum tricornutum and 64% for the flagellate Hymenomomas elongata (Andersen, 1986) . The former value would be close to AEs for our first-generation pellets, indicating a limited utilization of a small diatom.
When offering known phytoplankton species copepod feeding appeared to result in substantially increased C:N ratios (Paffenhöfer and Knowles, 1979; Downs and Lorenzen, 1985; Morales, 1987) as compared to the doliolids in our study where those ratios only increased slightly (Table IV) . We interpret those results to mean that copepods were usually able to digest more of the nitrogen compounds (Landry et al., 1984; Anderson, 1994) since cell contents were readily available to digestive enzymes in the copepods' guts. Our results on the decrease of the AE of ingested pellets, and increase of C:N ratios of secondary pellets would be confirmed by the modeling results of Anderson (1994) using the main biochemical compounds of phytoplankton as they would be assimilated in the feeders' guts.
We would like to caution about the extent of utilization of individual food species by copepods and pelagic tunicates: the probability of advanced digestion should be much higher for copepods since most ingested food particles are broken and therefore readily accessible to digestive enzymes. For D. gegenbauri we found that not only do diatom species differ in their digestibility (Paffenhöfer and Köster, 2005) but also some flagellates (unpubl. observations).
On the ecological significance of fecal pellets
Where might doliolid pellet production be of significance? A D. gegenbauri gonozooid usually produces 6 pellets h . At a clearance rate of about 500 mL day −1 a doliolid of 6 mm length would then ingest about 70 pellets day −1
. Doliolids frequently occur on subtropical shelves (Paffenhöfer et al. 1995) . They can also be abundant in western boundary currents like the Kuroshio (Takahashi et al., 2015) . The Gulf Stream is a major contributor to doliolid distribution (Deibel and Paffenhöfer 2009) usually subtropical doliolids northward: doliolids were found abundantly off Virginia (Ambler et al., 2013) and off Block Island Sound (Deevey, 1952) . They also occur abundantly in the Gulf of Mexico (Remsen et al., 2004) where they most likely occur year-round, as on the SE shelf off the USA (Paffenhöfer et al. 1995) . Doliolid pellets, partly due to their longevity in the water column because of slow sinking, could contribute to copepod survival and persistence during periods of scarcity of larger food particles; doliolid pellets can provide small food particles, which are usually not perceived by copepods, but could be utilized by protozooplankton. Although pellets of copepods and doliolids can be ingested by both taxa certain differences can be considered; copepod pellets are produced over a wide size range (Paffenhöfer and Knowles, 1979) . These pellets possess a membrane, and usually contain well-digested food items (broken at the esophagus entrance), and sink according to their size (Deibel, 1990) . They usually do not contain food species <5-8 µm ESD since those are only well perceived by nauplii of small copepods. In comparison doliolid pellets contain food particles in the range from about 1.5 to >60 µm ESD the latter being the esophagus width of large gonozooids of D. gegenbauri. This implies that (i) many food species in such pellets contain valuable nutrition due to incomplete digestion, that (ii) many of those food species are small and therefore of high C and N content, and (iii) sink slower than copepod pellets of the same volume/size (Patonai et al., 2011) , therefore being available to consumers for long periods. In addition doliolid pellets offer heterotrophic prokaryotes degradable organic matter and surfaces for microbial colonization (Köster et al., 2014) .
An additional unique feature of doliolid fecal pellets ranging in size from about 150 to >400 µm width is their slow sinking rate. Doliolid pellets can also serve as food for various taxa of planktonic copepods such as the calanoid genus Temora, which have the ability to grab such pellets and ingest part of them. Two adults of the rapidly cruising calanoid Temora turbinata attacked and destroyed nearly all doliolid pellets over a period of 6 h in vessels of 960 mL (unpubl. results). The quantification of the extent of ingestion of part of doliolid pellets by calanoid copepods is planned.
C O N C L U S I O N S
Information on the utilization of the abundant particulate organic matter in the ocean is limited. The probability of its utilization should be high in environments where phytoplankton abundance is limited. This holds specifically for small particles having been produced by abundant juvenile metazoans. Ingestion of such small organic particles could enhance the probability of survival of uni-and multicellular feeders which should depend on intermittently encountered food particles of various quality (Paffenhöfer et al., 2007) .
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